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157 ABSTRACT

A method to produce thin films suitable for fabricating
ferroelectric thin films. The method provides for selec-
tion of the predetermined amounts of lead, lanthanum,
zirconium, and titanium precursors which are soluble 1in
different solvents. Dissolving predetermined amounts
of the precursors in their respective solvents in propor-
tions such that hydrolyze reaction rate for each metal
precursor will be approximately equal. Preferably, the
reaction is performed under an inert atmosphere at from
about 350 mmHg to 650 mmHg pressure. The precur-
sors and solvents are mixed, and water is added to begin
a hvdrolysis reaction. After the hydrolysis the solution
is heated to drive off the excess water and solvent to
promote the formation of a sol-gel. The sol-gel 1s then
applied to a thin substrate and sintered to produce the
ferroelectric film.

38 Claims, 2 Drawing Sheets
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METHOD FOR PREPARING PLZT, PZT AND PLT
SOL-GELS AND FABRICATING FERROELECTRIC
THIN FILMS

This 1s a continuation-in-part of application Ser. No.
520.959. filed May 9, 1950, now U.S. Pat. No. 5,028,455
which 1s a continuation application of application Ser.
No. 057.323 filed on Jun. 2, 1987, now U.S. Pat. No.
4,946,710.

TECHNICAL FIELD

The present invention relates to methods for prepar-
ing sol-gels and the subsequent use of these gels to fabri-
cate ferroelectric thin films of compositions from the
PLZT family which are particularly suited for applica-
tions 1n electrical devices such as random access mem-
ory devices and optical sensors.

BACKGROUND ART

In the art of microcircuit designs and other electronic
applications it was recognized some vears ago that fer-
roelectric matenals could be used much like capacitors
in a2 dynamic random access memory (RAM). The term
“ferroelectric matenal” is somewhat of a misnomer
because many of these materials do not contain iron.
However, the name implies that they possess ferroelec-
tric properties analogous to their ferromagnetic coun-
terparts. It was hyvpothesized early in the electronic
memory ndustry that a nonvolatile random access
memory with high performance and good economics
could possibly be fabricated if a suitable ferroelectric
material were found. such as discussed in “Ferroelectric
Arravs: Competition for Core and Semiconductor
Memories.” pages 30-32. Digital Design. June 1973.

Thus. the art has searched for a ferroelectric material
that was easily deposited, sputtered. or otherwise con-
trollably applied to suitable substrates and would have
properties compatible with the subsequent MOS pro-
cessing or other electrical applications. It was recog-
nized early that the thin film needed to be defect free,
retain its polarity. and have good fatigue resistance. A
significant potential advantage over current nonvolatile
NMOS technology 1s that ferroelectric memory is
known to have an endurance cycle of better than 1010
read and write cycles compared to 108-107 cycles of the
floating gate MOS technology.

Different ferroelectric materials have been proposed,
such as potassium nitrate (KNQO3), as discussed in the
above-referenced Digital Design article and also in the
March 1983 1ssue of Computer Design. Other materials
proposed were PZT and PLZT. PZT is an acronym for
a lead zirconate titanate ceramic. PLZT is an acronym
for a ceramic of lead, lanthanum, zirconium and tita-
nium Pbjix2lax (Zr,Ti11-)O3. Another proposed ma-
terial was lead titanate (Pb Th03), as discussed in **Crys-
tallization an Transformation of Distorted Cubic
PbT110;,” page C-256, 7J. Am. Ceram. Soc. 69, October,
1986.

Sputtering techniques have been investigated for
applying these films. This technique suffers from the
disadvantages that 1t requires expensive equipment, the
composition depostited does not always correlate to the
mixture utilized for the sputtering, which gives rise to
quahty control problems, and importantly, films depos-
ited on certain substrates were not smooth and con-
tained cracks and other deficiencies. Attempts to sput-
ter PZT films onto silicon substrates, the most common
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substrate in the semiconductor industry, are character-
ized by microcracks probably resulting from different
thermal coefficients between the silicon substrate and
the sputtered PZT film, which. in order to achieve a
useful thickness, required multiple sputtering cyvcles.
Furthermore, the very low deposition rates in sputter-
ing are not practical for commercial-scale production.
Also. the high temperature necessary for sputtering i1s
not desirable because it disturbs dopants in the sub-
strate. Some 1nvestigation of sol-gel processing of PZT
and PLZT to provide thin films 1s recorded in **Sol-Gel
Processing of PbTi0;, PbZros, PZT, and PLZT Thin
Films”, Brit. Cer. Proc. Vol, Vol. 36, 1985, pages
107-121. See also “‘Preparation of Ferroelectric PZT
Films by Thermal Decomposition of Organometallic
Compounds,” pages 595-598, Journal of Materials Sci-
ence, Vol. 19 (1984). This article reports some successes
but the techniques used were deficient 1n several re-
gards, such as the reported crystallization temperature
was too high, resulting 1n the grain structure produced
being too large for capacitor areas required in micro-
electronic memories, and some of the films had prob-
lems with cracking. A method which uses a lower tem-
perature 1s desirable because diffusion of dopants in the
substrate becomes significant if temperatures exceed
900" C., and adhesion problems related to metal pads

and interface occur above about 750° C. Furthermore,
the time required to produce a usable thickness was too

long. Thus. for a long time there has been a need in the
industry to find a method and composition to produce a
ferroelectric material which in practice could be pro-
duced economically, applied to various substrates in the
required purity and have physical characteristics neces-
sary for use in thin films suitable in the manufacture of
integrated circuits. Furthermore, not only was the de-
velopment of suitable materials required, but also that a
process be developed by which suitable matenals could
be reproducible and confidently apphed to substrates
having the desired composition as well as the desired
adhesion, integnty, thickness. and other physical char-
acteristics necessary for dependable performance for
supporting commercial utilization.

A sol-gel refers to a composition which i1s made as a
solution and then formed into a gel which forms an
open lattice structure when it 1s dried. The perovskite
crystalline class of ferroelectric ceramics, and more
specifically lanthanum modified lead zirconate tita-
nates, or PLZTs, have been known and used commer-
cially 1n bulk form. Perovskites have a body centered
cubic or pseudocubic crystal lattice structure in a gen-
eral chemical formula (crystalline untt cell composition)
of ABO; where A is a metal cationa+2 (or +1 or +3)
oxidation state, B is a metal cation in the +4 (or +3 or
+3) oxidation state, and O ts oxygen in a — 2 state. Thus
for PLZT, Pb or La occupy the “A™ sites or the cubic
(or pseudocubic) cell corners, the Zr or Ti occupies the
“B" site at or near the cell center and oxygen is located
in the cell faces. The present invention utilizes sol-gels
to produce thin films in the PLZT family of films such
as PLZT, PZT, and PLT compositions which can be
utilized in fabricating ferroelectric thin films reproduc-
ibly and having required physical and chemical charac-
teristics for reliable performance in electrical, as well as
optical, applications. The present invention is advanta-
geous in that PLZT, PLT and PZT films of varying
compositions can be easily applied as thin films to suit-
able substrates by spin coating methods with equipment
common in the semiconductor industry. These films can
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be applied with a high degree of quality control. and the
composition of the applied film can be easily and reli-
ably selected as desired using the method of the present
invention.

SUMMARY OF THE INVENTION

In one aspect the invention relates to a procedure for
producing a homogeneous and uniform mixture of two
or more of the following metals: lead, lanthanum, tita-
nium and zircomum. The homogeneous mixture is then
processed to achieve a sintered thin film of a composi-
tion within the PLZT family. The sintered PLZT fam-
ilv films are crystalline ceramics with a pseudocubic
perovskite structure (cubic, tetragonal. rhombohedral
or orthorombic depending on the composition and tem-
perature) having the following general chemical for-
mula: Pbj_3x/2 and Lax (Zr,T1;-)O;. The most com-
mon members of the PLZT family are PLZT. PLT and
PZT. which can have various ratios of the components
present. The films can also be PZ and PT. "Sintered”™
refers to the final ceramic composition of the PLZT
family. As used herein. “green” will refer to composi-
tions and thin films of compositions which can be sin-
tered to produce ceramic films of the PLLZT family. The
final sintered film is formed by first forming a sol-gel of
precursors of the materials to be present in final film. In
the case of a PLZT film. the sol-gel 1s produced by
forming a solution of precursors of the lead. lanthanum,
zirconium and titanium, each of which 1s soluble in a
different solvent. and combining the precursors such
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that upon hydrolysis, the hydrolysis reaction of each

precursor is approximately equal. Upon condensation,
the mixture results in the formation of a homogeneous
gel of the desired green composition. In one embodi-
ment, the sol-gel can then be applied by spin coating
techniqgues to a suitable substrate forming a green film
which crystalhzes to form a sintered PLZT thin film
upon the substrate. Precursors of the metals (lead. lan-
thanum. zirconium and titanium) to be present in the
final film, each of which is soluble in a different solvent,
are weighed to provide the required amount of each
metal in the PLZT family, if any, desired in the final
thin film to be applied 1o the substrate. Any precursors
of lead, zirconium and titanium which can be hydro-
- lyzed and which will condense into oligomers and poly-
mers. such as metal alkoxides, metal acetates and metal
esters, can be used. A lanthanum precursor soluble in a
different solvent from those for the other precursors
can be used. However, because lanthanum 1s normally
used in such a small amount, a lanthanum precursor
soluble 1n a solvent or one of the other precursors can
be used. Furthermore, it 1s not necessary that lanthanum
be in the form of a precursor, although one may be used.
There 1s such a small amount of lanthanum needed that
it can be incorporated into the other precursors and
solvents by solution or suspension with good results.
The precursor compounds are dissolved 1n their respec-
tive solvents and each is diluted with solvent in propor-
tions such that the reaction rates for the hydrolysis of
each precursor are approximately equal. The precursors
and their respective solvents are then mixed together
with a predetermined amount of solvent at a tempera-
ture and with sufficient agitation to form a solution. A
small amount of water 1s added to initiate sufficient
hydrolysis reaction to create reactive sites upon the
precursors. The amount of water 1s less than the amount
which causes the hydrolysis reaction to proceed to the
condensation reaction which results in precipitation of
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solids. The hydrolysis reaction can be stopped or
quenched by the dilution of the mixture with excess
additional solvents. In the alternative, the hydrolysis
reaction in some cases can be controlled by the rapid
cooling of the mixture (without the addition of addi-
tional solvents) before the condensation reaction begins
to precipitate solids. If the reaction is quenched by
dilution with additional solvents, it is preferred to use a
solvent mixture in the same ratios used previously to
dissolve the precursors. The solution is then concen-

trated by distillation, thereby reducing the solvent con-

tent and initiating a condensation reaction between the
reactive sites on the organometal compounds which
forms an organometallic sol-gel. Boiling i1s continued
until the sol-gel has the desired viscosity for the applica-
tion of a thin film of the sol-gel to a suitable substrate,
such as a silicon substrate, by spin application tech-
niques. The viscosity will vary with the composition of
the final PLZT family film desired, but in general, suit-
able viscosities are in the range of 1 to 5 centipoises, and
preferably 1 to 3 centipoises. Preferably, these steps are
carried out in an inert atmosphere or in a very dry
atmosphere to prevent absorption of water vapor which
would carry the hydrolysis reaction beyond the desired
degree.

In one embodiment of the present invention, the sol-
gel thus formed can be applied to the substrate by spin
coating techniques. The term *'sol-gel™ describes a hiq-
uid system of reactive or polymerizable materials in
solution, which, under the proper conditions of drying.
dehydration, or further reacting, will exhibit a gradu-
ally increasing viscosity due to increasing concentration
and reacting. and then, as crosslinking and polymeriza-
tion accelerates, an abrupt increase in visCOSity OCCUrS
when gel formation occurs. In this application, the
terms “sol’” and *‘gel™ are used to refer generally to
sol-gel systems. After application of the green thin film
of a composition from the PLZT family, the film 1s
heated at a temperature from the range of about 300° C.
to about 425° C. to drive off excess solvent. About 2 to
4 minutes 1s usually sufficient for excess solvent to be
driven off. Additional layers of sol-gel can then be ap-
plied over the dried green film if desired. These addi-
tional layers may either be of the same or a different
composition from the previous layer. The additional
layers are then dried also. Thereafter, the resulting
dried green film is then sintered in an oxygen containing
atmosphere, and preferably in an oxygen enriched over
an ambient air atmosphere, at a temperature of from
about 475° C. to about 700° C., and preferably from
about 500° C. to about 650° C., and most preferably
from about 550° C. to about 650° C. In another embodi-
ment, a layer or layers of the sol-gel are applied to the
substrate at room temperature without drying. After
application of the green thin fiim of the sol-gel by spin-
ning techniques, the gel film is then sintered by heating
the gel to in the range of from about 475° C. to about
700° C., preferably from about 500° C. to about 650° C.,
and most preferably from about 550° C. to about 650° C.
The rate of heating is controlled to prevent the too
rapid evolution of solvent liquid which would disrupt
the film, and preferably is done in an oxygen atmo-
sphere to completely combust the solvents and to pro-
vide oxidation of the lead, lanthanum, zirconium and
titanium to form the desired ceramic PLZT layer.
Thereafter, a second layer of sol-gel can be applied to
the sintered layer if a thicker film i1s desired. This em-
bodiment of the invention is less desired than that previ-
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ously discussed for when multiple lavers are needed.
because 1t typically requires a long time, creates more
stress of MOS circuntry and other components, and is
more difficult to etch.

In a preferred embodiment of the present invention.a 5
PLZT film 1s prepared from a sol-gel wherein the lead
precursor is lead tetraacetate which is solubilized 1n
glacial acetic acid at a temperature above about 70° C.
The zirconium precursor 1s zirconium n-butoxide, and
the titanium precursor is titanium (IV) isopropoxide. 10
The zirconium tetrabutoxide can be dissolved in n-
butanol and the titanium isopropoxide is dissolved 1n
1sopropanol. The zirconium and titamium precursors
may be dissolvead separately or in a solution of the n-
butanoi and the 1sopropanol. The lanthanum precursor 5
1s lanthanum. 2.4 pentanedionate and 1s dissolved in
butyl alcohol or 1sopropanol or a mixture of the two.
The zircontum precursor or the mixture of the zirco-
nium precursor and titanium precursor is combined
with the lanthanum precursor and related solvents. The 1g
lanthanum. titamium and zirconium precursors and their
solvents are then added to the solution of lead tetraace-
tate and acetic acid solution at a temperature in the
range of from about 70° C. to about 90" C. and lightly
agitated 1o obtain a clear homogeneous solution. There- 554
after. deiomized water in an amount sufficient to cause
hydrolvsis but not great enough to cause precipitation 1s
added. It has been found that in the above-described
preferred embodiment, water in the range of from about
1 to about 4 molar amounts, based on the moles of zirco- 4,
nium tetrabutoxide and titantum isopropoxide. 1s suffi-
cient. The solution to which deionized water 1s added
mayv have color or may become colored (but still remain
transparent) immediately upon addition of H>O. Addi-
tional agitation with heating normally results in a clear.
colorless (water white) homogeneously mixed solution
in from about 5 minutes to about 10 minutes. It 1s after
this 3 to 10 minute interval that excess solvent 1s added
to quench the hydrolvsis reaction. Excess solvents are
then added. preferably. on a proportional basis while
stirring the solution to quench the hydrolvsis reaction.
Thereafter. the mixture 1s boiled to drive off the water,
reduce the solvent content and promote condensauon

of organometallic compounds (concentration step) until
the sol-gel has a viscosity appropriate for applying the
sol-gel to suitable substrates by spinning techmiques.
When the desired wiscosity 1s reached, the sol-gel 1s
applied 1o a substrate by spinning techniques and then
heated 1n an oxygen containing atmosphere to promote
crystallization and formation of the PLZT ceramic in a
temperature range of from about 475° C. to about 700°
C.

In another aspect, the invention relates to conducting
the concentration step, i.e., the heating of the mixture of
precursors and solvents at reduced pressure, preferably
at a pressure of 350-650 mm of mercury. The perovskite
crystalline structure has the general chemical formula

ABO; as discussed above. More specific formulas for
PLZT are as follows:

Y
tA

45

50

35

ABQOj; becomes,
60
Pb; . 3.:/21-3:(21'}:1' 1 y)03 [1]
or PB, —1Lax(zryTil --y)l ~ /403 [2]

Formulas [1} and [2] maintain electrical neutrality 65
within the crystalline unit cell when a tri-valent dopant
or modifier such as La is used in place of Pb. Formula
[1] assumes that La substitution produces Pb vacancies

6

in the crystal lattice at the A" sites: formula [2] as-
sumes a 1:1 substitution of La for Pb and the creation of
“B™ site vacancies to maintain electrical balance. A
shorthand nomenclature used to describe PLZT com-
positions 1s common 1n the industry. Referring to for-
mula {1] above, let L=100(x). Z=100(y), and
T=100(1 —v), then the L/Z/T ratio defines a composi-
tion. As examples, 0/0/100 PLZT refers to lead titanate
(PbT103), 0/100/0 PLZT 1s lead zirconate (PbZrQ3),
and 8/40/60 PLZT is a lanthanum modified lead zircon-
ate titanate (Pbg.sglapos(Zro40T10.60)03). Depending
upon composition and temperature, the crystal struc-
ture of PLZT ferroelectric perovskites are either rhom-
bohedral (a distortion along a body diagonal of a cube)
or tetragonal (an elongation of one cube axis, termed
the ¢ axis) and the unit cells are reversible dipoles. This
latter feature is the notable physical attribute that is
used to make a nonvolatile IC memory. Normally, do-
mains (aggregates of dipoles oriented in the same direc-
tion) are randomly oriented in films that are newly
made and have never been subjected to an electric field,
but a field applied across the film can pole or orient the
domains in one of two possible directions parallel to the
distortion axis of the crystal. Using the proper elec-
tronic sensing techniques. the poled direction can be
determined. The two possible poled directions are the
binary 0 or 1 of a digital memory cell. It 1s only 1n recent
yvears that material and process developments have
advanced to the point where ferroelectric thin films
(<1 um thick) can be fabricated reliably and fully 1nte-
grated with standard CMOS IC technology to produce
nonvolatile memory devices. It 1s important to remem-
ber that PLZT (which includes PZT (R), a registered
trademark of Vernitron Corp.) is an acronym for a
perovskite crystalline family of ceramics containing
some or all of the elements Pb, La. Zr, T1 and Oxygen,
and not just an amorphous homogeneous mixture of
metal oxides. Also, depending upon composition and
temperature, other crystalline phases exist which are

not ferroelectric but are either paraelectric or antiferro-
electric. The former may be of substantial interest as a

high dialectric constant material for use in electronics.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 i1s a- phase diagram of some compositions
which can be made with the method of the present
invention;

FIG. 2 shows a typical sintering profile and ramp
rates for a dried green film; and

FIG. 3 is a flow diagram showing the process options
for fabrication of PLZT thin films.

DETAILED DESCRIPTION

The present invention relates to a method for produc-
ing ferroelectric films containing lead and one or more
of the following: titanium, zirconium and lanthanum.
Most commonly these are PLZT, PZT and PLT thin
films. This 1s done by preparing a sol-gel of predeter-
mined composition and applying it to substrates using
spin coating techniques known in the semiconductor
industry, such as described in Semiconductor & Inte-
grated Circuit Fabrication Techniques, 1979, Reston Pub-
lishing Company Inc., pp. 105-107. PLZT is an abbrevi-
ation for lanthanum doped lead zirconate titanate, a
ferroelectric matenal in the crystalline form. PZT is an
abbreviation for lead zirconate titanate, a ferroelectric



5,116,643

7
material in the crystalline form. PLT is an abbreviation
for lanthanum doped lead titanate.
ABO; becomes,

Pb;_sx2Lax Zr‘rTi ] - _1*)03 [1]

or PBy_xLadZr, Ti;_ ;)i - x/40; [2]
Formulas [1] and [2] maintain electrical neutrality
within the crystalline unit cell when a tri-valent dopant
or modifier such as La is used 1n place of Pb. Formula
(1] assumes that La substitution produces Pb vacancies
in the crystal lattice at the “A" sites; formula [2] as-
sumes a 1:1 substitution of La for Pb and the creation of
“B™ site vacancies to mamtain electrical balance. A
shorthand nomenclature used to describe PLZT com-
positions ts common 1n the industry. Referring to for-
mula [1] above, let L =100(x). Z=10Xy),
T =100(1 —v). then the L/Z/T ratio defines a composi-
tion. As examples, 0/0/100 PLLZT refers to lead titanate
(PbTi103). 0/100/0 PLZT 1s lead zirconate (PbZrO3).
and 8/40/60 PLZT 1s a lanthanum modified lead zircon-
ate titanate (Pbgsslapos(Zros0Ti060)03). Depending
upon composition and temperature. the crystal struc-
ture of PLZT ferroelectric perovskites are etther rhom-
bohedral (a distortion along a body diagonal of a cube)
or tetragonal (an elongation of one cube axis, termed
the ¢ axis) and the unit cells are permanent dipoles. This
latter feature is the notable physical attribute that 1s
used to make a nonvolatile IC memory. Normally. do-
mains (aggregates of dipoles oriented 1in the same direc-
tion) are randomly oriented in films that are newly
made and have never been subjected to an electric field,
but a field applied across the film can pole or orient the
domains in one of two possible directions parallel to the
distortion axis of the crystal. Using the proper elec-
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determined. The two possible poled directions are the
binary 0 or 1 of a digital memory cell. It 1s only 1n recent
years that material and process developments have
‘advanced to the point where ferroelectric thin films
(<1 um thick) can be fabricated reliably and fully inte-
grated with standard CMOS IC technology to produce
nonvolatile memory devices. It 1s important to remem-
ber that PLZT (which includes PZT (R). a registered
trademark of Vernitron Corp.) is an acronym for a
perovskite crystalline family of ceramics containing
some or all of the elements Pb, La, Zr, T1 and Oxygen.
and not just an amorphous homogeneous mixture of
metal oxides. Also, depending upon composition and
temperature, other crystalline phases exist which are
not ferroelectric but are either paraelectric or antiferro-
electric. The former may be of substantial interest as a
high dialectric constant material for use in electronics.
Stoichiometry of these films can vary. The stoichiome-
try of any particular PLZT, PZT or PLT composition
1s expressed by the *lanthanum/zirconium/titanium”
content in the resulting solid solution.

Pbi_r/100 Laz /100 {Zr z/100 T17/100) O3

PLZT tamily compositions with the following stoichi-
ometry have been prepared: 3/70/30; 3/60/40; 0/50/50
(PZT), 3/50/50; 3/40/60; 6/40/60; 8/40/60; 10/40/60,;
0/60/40 (PZT); 8/0/100 (PLT); 15/0/100 (PLT); and
0/53/47 (PZT). The above expression is based on per-
centages by mole ratios. The expression L/Z/T as 30 in
3/70/ for example) 1s shorthand for expressing
ZPb+%La=100=%4Zr+ %11 where percentage is
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based on atomic percent or mole ratios of atoms. A
3/70/30 (PLZT) 1s 97 atoms Pb and 3 atoms La to 70
atoms Zr and 30 atoms Ti (or 97% Pb and 3% La to
700 Zr and 309 T1). A 0/53/47 (PZT) is 100 atoms Pb
and 0 (zero) atoms La to 53 atoms Zr and 47 atoms T1.

An 8/0/100 (PLT) 1s 92 atoms pb and & atoms La to O
(zero) atoms Zr and 100 atoms Th.

(P+LY(Z+ T)=100:100

or

(P+ [)=100=(Z+T1)

or

(P+- L)Y+ (Z-1=200

The general chemical formula for PLZT composi-
tions (which can include PZT and PLT) 1s:

Pb;_ 1 100Lar/100(Zr2/100T1 7/100)0:.
A 3/70/30 PLZT is:

PB;_ 3/100La3/200{Zr70/100T130/100003
which equals
Pby 97Lag 03(Zrg.70Ti0.20)03.

Note that in the formula the total of the Pb and La 1s 1
as 1s the total of the . Zr and Ti. The sum of the Pb and
Lais “normalized” to 1. Pb+La=1.

Normally, in the calculations for PLZT sol-gel syn-
thesis percent by weight is not used. |

FIG. 1 1s a phase diagram of compositions at standard
temperature and pressure (25° C. and 1 atmosphere).
Points on the graph represent ferroelectric composi-
tions made by the sol-gel method of the present inven-
tion. In general, compositions above the line ABC have
forroelectric properties. Compositions within area
AED have electro optical properties, and in area DEB
the compositions can have electro optical properties
created by field induced distortions.

One advantage of the present invention is that PLZT,
PZT or PLT films of varying, but predetermined, com-
position can be readily prepared, and the composition of
the deposited film can be accurately predicted, unlike
prior sputtering technigues. “Sol-gel” 1s a term com-
monly used in the ceramics industry and indicates that
processing starts with a solution which is then formed
into a gel. The present invention relates to forming a
partially gelled product which is then applied to a sub-
strate as a film and oxidized to crystalline the film.

One of the deficiencies in the art prior to the present
invention has been the inability to obtain, on a repro-
ducible basis, deposited films from the PLZT family,

such as PLZT, PZT or PLT, thin films having the same

characteristics. The prior art sputtering techniques suf-
fer from the deficiency that compositional contro] of
the final film was difficult because of the different sput-
tering rate of the elements. It is postulated that deficien-
cies in film characteristics of films produced by earlier

‘methods resulted from the failure of previous methods

to apply PLZT, PLT, or PZT thin films which had the
atoms of zirconium, lead, lanthanum, and titanium ho-
mogeneously mixed throughout the thin film. (In PZT
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films there 1s no lanthanum.) Although the inventors do
not wish to be bound 10 any theory. it 1s believed that
the previous techniques resulted in variable segregation
of these materials in the final solid product which then
resulted in varying ferroelectric properties of films.
even though they contained the same relative propor-
tions of lead, lanthanum, zirconium and titanium. The
present mvention relates to PLZT, PZT or PLT films
which have a homogeneous distribution of lead. lantha-
num, zircomum and titanium which may be present in
the resulting ceramic layer and further comprises a
method for producing such a film.

In the method of the present invention, a solution of
precursors 1s made containing lead, zirconium, titanium
and lanthanum in the desired final film amounts. These
solutions may be made from commercially available
precursors such as lead tetraethylhexanoate. zirconium
acetylacetonate, titanium (IV) tetrabutoxide, titanium
isopropoxide, zirconium tetrabutoxide, lanthanum 2,4
pentanedionate, and other acetates and alkoxides which
are capable of formmg organometallic polymer gels can
be utilized. In many instances the lanthanum precursor
can be lanthanum 1tself. Because 1t i1s present in such
small amounts. it can be effectively mixed without the
need for it 1o be in the form of an acetate or alkoxide
precursor. As the size of the organic functional group
increases, 1t 15 more likely to cause defects such as
cracks in the final film when the organics are volatized.
Lead tetra-ethvihexanoate 1s a less desirable precursor
because the large organic group 1s more likely to result
in defects 1n the final film. The preferred organic func-
tional groups are methanol, butanol, ethanol, acetate
and propanol. An important feature of the present in-
vention 1s achieving a homogeneous gel 1n which the
metals. such as lead. lanthanum. zirconium and titanium
in a PLZT family film, are uniformly distributed
throughout the polymer structure of the gel and which
will then result in the homogeneous distribution of these
metals in the crystal lattice of the final inorganic mate-
riai.

While not being bound by any theory, it is beheved
that a homogeneous distribution of metal ions in the
polvmer network results in lower crystallization tem-
peratures and lower defect density. The crystallization
temperature 1S beheved to be lowered because it 1s lim-
ited by crystallization energy and not diffusion of metal-
lic constituents in the network. This method avoids
segregation, or the formation of pockets of one or more
of the metals, which would result in differing ferroelec-
tric properties m PLZT family films with the same
overall compositions and differing properties in differ-
ent locations within the same PLZT family thin film. In
some instances, such segregation can create localized
areas that are not ferroelectric.

Homogeneous mixing is obtained by the utilization of
precursors soluble in different solvents. While there
may be some solubility of the various precursors in
solvents for the other precursors, the solubility is gener-
ally so small in comparnison to the primary solvent that
1t is not significant. The dissolved precursors are then
combined in a mixture. In order to obtain a solution, it
may be necessary to heat and agitate one or more of the
precursors in the final mix of all the precursors and
- solvents. Certain precursors can be solubilized together
then added to the other precursors. For example, the
alkoxide precursors can be dissolved 1n a solution which
1s a mixture of both their respective solvents and then
added to a solution of acetate precursors. It is recog-
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nized that acetates are esters and are used in a similar
way.

The amount of solvent utilized for each precursor is
determined by the amount of solvent necessary such
that the hydrolysis reaction rate of each metal precursor
1s approximately the same as determined by Le-
Chatelter’s principle. The amount of solvent for each
precursor can be determined by determining the rate of
the hydrolysis reaction for each single precursor. Many
of these reaction rates are reported in the Iiterature or
they can be determined by known experiment tech-
niques. The amount of solvent used for each is then
portioned such that the rate of reaction for each precur-
sor 1s approximately equal. For example, if the reaction
ratio of one of the precursors 1s three times faster than
the others, which are approximately equal, then three
times as much solvent i1s used for the faster reacting
precursor. Thus, when all are combined, the reaction
rates are approximately equal. The hydrolysis reaction
rates of the various precursors may be altered when the
precursors are combined with the other solvents and
other precursors. If this occurs the portions are adjusted
accordingly. The mnitial quantities of solvents should be
proporuonal and sufficient to completely dissolve the
precursor for which 1t is used. The precursors and sol-
vents are agitated, with heat if necessary, to form a
homogeneous solution. In general, the formation of a
homogeneous solution 1s achieved when the solution
becomes clear from a cloudy condition. Clear does not
mean that the solution 1s colorless, but rather that it is
transparent, which indicates that the matenals are dis-
tributed homogeneously and not merely suspended by
mechanical or thermalagitation. Thereafter, a small
amount of water is added to promote hydrolysis of the
dissolved metal precursors. A complete hydrolysis re-
action 1s not destred and should be avoided because that
would result in the precipitation of the product as a
solid and prevent its application as a homogeneous gel.
In general, an amount of water between about 1 to 4
moles computed on a molar basis of the zirconium and

titanium precursors has been found useful. The hydroly-
s1s reaction 1s shown below::

R R
I I
Ro—rl»a—oa ~ H>0 —}RO-IT!—-OH + ROH
O O
R R

where M 1s a metal and OR is an alcohol functional
group and ROH 1s an alcohol. For acetate precursors
the reaction 1s exemplified as:

i
H;C“ﬁ“O—Pb—O—C“CH3 + H30 yields
O

H:C—C—0—Pb—OH + H3;C—C—OH

| Il
O O

The hydrolysis reaction is quenched (slowed or
halted) by the dilution of the mix with additional sol-
vent preferably added in the same ratios as previously
used. A five-fold dilution has been found sufficient.
Alternatively, the hydrolysis reaction may be quenched
by the rapid coohing of the solution, with or without
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dilution. Quenching by cooling of the solution 1s less
desired because it 1s more difficult to control.

Thereafter, heat i1s applied to drive off the azeotrope
water and solvents and to initiate a condensation reac-
tion which then forms the organometal sol-gels as exem-
plified above. The result is to form a gel which 1s a
group of organometallic polymers having a homogene-
ous distribution of the metal atoms throughout the poly-
mers. The boiling process i1s continued until a sol-gel 1s
obtained having the desired viscosity for application of
the sol-gel in a thin film to a substrate, such as a sithcon
or gallium arsenide wafer as commonly used in the
semiconductor industry, by spin coating techniques.
Useful viscosity for these organometal sol-gels has been
found to be in the range of about 1 to 5 centipoises, and
preferably from 1 to 3 centipoises.

Preferably, the solution is heated while the solution is
maintained under reduced pressure, ranging from about
350 mmHg to about 650 mmHg. By reducing the pres-
sure, the reaction temperature 1s also reduced. As a
result, the reaction rate is Jowered. By decreasing the
reaction rate. it has been found to be beneficial that the
components are permitted to react with less likelihood
of precipitating prior to quenching. A pressure range of
from about 350 mmHg to about 650 mmHg is consid-
ered to be preferred to achieve the benefit of reducing
precipitating and complete the concentration process
within a reasonable time. However, 1t 1s also recognized
that the present reaction may proceed at a pressure
lower than 350 mmHg. Yet. if one were to conduct the
present reaction at a pressure lower than 350 mmHg.
not only would it fail to be commercially viable, but the
lower the pressure becomes, the slower the reaction
rate would be, eventually realizing virtual stagnation of
the entire reaction. Under severely reduced pressure
(less than 300 mmHg) and temperature, precipitation
occurs (beheved to be unreacted Pb precursors).

It 15 desirable that this dissolving of the precursors
and the boiling off of the solvents is done in an ex-
tremely dryv atmosphere and preferably an inert atmo-
sphere. This prevents the absorption of water vapors
from the atmosphere which could result in the hydroly-
sis reaction proceeding too far and causing the undesir-
able precipiation of solids. One advantage of the pres-
ent invention is that the formed sol-gel can be stored in
a dry or inert atmosphere for an extended period of time
and can thus accommodate variations in demand and in
production schedules.

The sol-gel is applied to suitable substrates such as
silicon wafers which have undergone preliminary pro-
cessing for fabricating integrated circuit elements and
which may have a patterned platinum electrode for
receiving the PLZT family film. Spin application tech-
niques of sol-gels with viscosities from 1 to 5 centipoises
usually produce a thin green film of the gel between
about 750 Angstroms to about 1500 Angstroms in thick-
ness. The green film is then oxidized to form the final
sintered PLZT ceramic which has a homogeneous dis-
tribution of the lead, lanthanum, zirconium and titanium
as was present in the gel applied. The formed sintered
film of PLZT, PZT or PLT is normally about one third
of the thickness of the gel film applied or from about
250 Angstroms to 500 Angstroms. Thicker sintered
films can be formed in the substrate by applying mult-
ple layers. For example, a first layer can be applied and
sintered, and then a second layer can be apphed over
the first and sintered.
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F1G. 3 illustrates another method to which the pres-
ent invention relates for applyving more than one green
film 10 to a substrate without the need to sinter the
previously applied green film 10. The term *'green film”
means the film formed by applying a sol-gel solution 12
after the spin-coating step 14 and baking 16 but prior to
sintering 18. The green film 10 thus has the solvents and
organics removed by volatilization or pyrolytic decoms-
position but PLZT crystal formation has not yet oc-
cured. This method involves applying a thin dned gel
film 20 to the substrate, thereafter baking 16 the dried

film 20 remove or decompose the solvents and organics

thus producing a green inorganic non-crystalline film
10. These steps are repeated until the desired thickness
1s achieved. Subsequently, the green film 10 of desired
thickness is sintered using a rapid thermal process 18
(RTP) to form the desired crystalline perovskite PLZT
structure 22. A typical RTP sinter cycle is a 100°
C./second ramp to 725°-775° C., 60 seconds (one min-
ute) at 725°-775° C., and a 90-120 second ramp down to
less than 300° C,, all in an oxygen atmosphere.

FIG. 3 further illustrates an alternative process
whereby the dried gel film 20. after applving it to the
substrate. is sintered 24 at a temperature in the range of
about 625°-675° C. for at least about 30 minutes, thus
producing PLZT 26. There steps are repeated until the
desired thickness is achieved. Subsequently, a desired
crystalline perovskite PLZT structure 28 1s formed.

The dried thin films 20 are preferably baked 16 at
about 400° C. The benefit of applving a film, baking it
without sintering. and thereafter applying and baking
subsequent layers, 1s that a thick film can be apphed
without sintering in between each step, which is less
time consuming and subjects the substrate to less ther-
mal stress.

After the gel is applied to the substrate, the green thin
film 10 of multiple layers of green films are baked and
sintered to form the final perovskite PLZT family ce-
ramic, such as PLZT, PZT or PLT ceramic. As used
herein, “sintered” or *‘fired” film means one which has
been heated sufficiently to crystallize the inorganic film.
Preferably, the sintering is conducted in an oxygen
enriched atmosphere. Oxidation in air produces accept-
able results, but utilization of an oxygen enriched atmo-
sphere has been found to provide better properties, such
as polarization. in the sintered film. A significant aspect
of the present invention is that the crystallization of the
PLZT thin film ceramic can be accomplished at the
lowest possible temperatures, much lower than previ-
ously believed for PLZT, to give the desired crystalline
form which is the perovskite form. Temperatures in the
range of between about 475° C. and about 700° C. and
preferably from between about 500° C. to about 650° C,,
and most preferably from between about 550° C. to
about 650° C. In contrast,- previously used sputtering
techniques were conducted at temperatures over 700°
C. In general, in the semiconductor industry, lower
processing temperatures are very important to prevent
the thermal movement of previously applied dopants,
which movement would destroy the characteristics of
the resulting circuit. High temperatures can also dam-
age other previously applied integrated circuit ele-
ments.

F1G. 2 illustrates a typical ramp rate and dwell time
for PLZT films when the dried gel films have been
baked prior to sintering. The dried films applied are
generally from about 750 Angstroms to about 1500
Angstroms thick. After the dried films are baked, the
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baked film i1s generally from about 275 Angstroms to
about 1000 Angstroms thick. and after the baked film is
sintered. the sintered 1s from about 250 Angstroms to
about 500 Angstroms thick. For films which are not
baked prior to sintering. the initial ramp rate to reach
the sintering temperature is about one third slower to
allow time for the solvents to boil off.

It 1s desirable in the present invention to utilize sol-
vents which evolve below 350" C. Also, 1t 1s desirable 1o
ramp through the temperature range of from about 450°
C. to about 550° C. 1n a mimimum amount of time be-
cause within this temperature a pyrochlore phase of the
PLLZT forms. The upper temperature depends on the
composition of the film. This pyrochiore phase 1s unde-
sirable because 1t 1s not ferroelectric. Thus, the presence
of solvents that would botl 1n that range 1s undesirable
because the PLZT composition would be subjected to
that temperature range for a longer period of time while
the solvents boiled off. Low boiling point solvents are
also desirable because they will burn off before the
PLZT begins to crystallize. Therefore, the organics can
burn off and vaporize without having carbon trapped in
the metals as thev crystallize. Such carbon inclusion i1s
detrimental because it can prevent the formation of a
ferroelectric phase or it can result in the formation of
pinholes and pits or other undesirable physical charac-
teristics in the film. Another reason for utilizing an
excess of oxvgen 1s to effect the complete and rapid
combustion of the organics. In a preferred embodiment,
the lead precursor is lead (IV) acetate. the zirconium
precursor 1s zirconium n-butoxide butano! complex, the
titanium precursor is titanium (IV) isopropoxide, and
the lanthanum precursor i1s lanthanum 2.4-pentanedion-
ate. These precursors are weighed out in amounts nec-
essary to provide the desired amounts of lead. lantha-
num, zirconium and titanium in the final PLZT thin film
to be made. The lead tetraacetate 1s commercially avail-
able from Morton Thiokol, Inc., Alfa Products, 152
Andover Street. Danvers, Mass.. sold under the desig-
nation 57113, It 1s important that the lead (1V) acetate
be opened under an inert atmosphere such as argon or
nitrogen. If opened mn an air environment, the tetraace-
tate will decompose and the lead will oxidize and pre-
cipitate. This, of course. 1s not desirable since the oxi-
dized lead will not be soluble. The lead (IV) acetate is
dissolved in a suitable acid such as glacial acetic acid at
a temperature in the range of from about 70° C. 1o about
90° C. The amount of glacial acetic acid added is the
amount necessary to dissolve the lead tetraacetate and
to give a hydrolysis reaction rate for the lead which 1s
about equivalent to the hydrolysis rate for the other
metal precursors in their solvents in the subsequent
hydrolysis step. These computations should take into
account that most commercial lead tetraacetates con-
tain some acetic acid which should be accounted for in
the calculations.

Next, a zirconium tetrabutoxide and titanium isopro-
poxide are dissolved either separately in their respective
solvents or in a combined n-butanol and isopropanol
mixture. Zirconium tetrabutoxide i1s commercially
available from Alfa Products under the designation
88718 and utanium (IV) 1sopropoxide 1s commercially
available from Alfa Products under the designation
77115, The zirconium tetrabutoxide 1s dissolved in butyl
alcohol such as n-butanol. The titanium isopropoxide is
dissolved mn isopropanol. It is possible to make a mixture
of the n-butanol and the isopropanol and add the tita-
nium isopropoxide and the zirconium tetrabutoxide to
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that solution. Again, the solvents are added in amounts
sufficient to dissolve the precursors and to give approxi-
mately equal reaction rates during the hvdrolysis reac-
tton of the precursors. Lanthanum 2.4-pentanedionate,
commercially available from Alfa Products under the
designation 898359, can be dissolved in the mixture of the
zirconium precursor and titanium precursor and their
solvents because 1t 1s present in small amounts.

The steps required to determine the respective con-
centrations of solvents are to determine first which
precursor requires the greatest portion of solvent on a
per unit basis of the precursor to be dissolved. From
this, the hydrolvsis rate for that precursor and solvent is
determined. From this rate. then, the amounts of solvent
necessary for the other precursors can be determined.
This procedure assures that there is sufficient solvent to
dissolve each precursor while achieving approximately
equal reaction rates for the hydrolysis reaction.

The zirconium precursor and solvent, titanium pre-
cursor and solvent, and lanthanum precursor and sol-
vent are added to the lead tetraacetate and acetic acid
solution while maintaining heat and agitation of the
solution.

After the homogeneous mixture is obtained for the
solutions, deilonized water 1s added in amounts from
about 1 mole to about 4 moles, based upon total moles of
zirconium and titanium, to partially hydrolyze the pre-
cursors during this phase. Heat and agitation are main-
tained until the clear solution becomes colorless.

The hvdrolysis reaction is quenched by the dilution
of the mixtures with additional solvent. The generally
preferred dilution ts done using a mixture of additional
solvents in approximately the same ratios as used previ-
ously. However. 1t has been found that a dilution with
one or more of the solvents can be effective. In this
illustrated embodiment, dilution by adding a mixture of
n-butanol and isopropanol in a ratio such that the origi-
nal ratio i1s maintained was found acceptable. Dilution

assures that the hydrolysis reaction is terminated and
quenched. Doubling the volume has been found effec-

tive for this purpose. The solution is then heated to boil
it down to about 409 of its volume before dilution,
which produces a material that is a clear amber solution
with a viscosity in the range of from about 1 centipoise
to about 5 centipoises, which is appropnate for spin
coating. The heat preferably is applied at a reduced
pressure, ranging from about 350 mmHg to about 650
mmHg. By reducing the pressure, the reaction tempera-
ture is also reduced. As a result, the reaction rate is
lowered. Operating at reduced pressure has been found
effective to minimize precipitating prior to quenching.
A pressure range of from about 350 mmHg to about 650
mmHg 1s deemed to be preferable. However, it is also
recognized that the present reaction may proceed at a
pressure lower than 350 mmHg. The resulting sol-gel
from the boiling produces organometal polymers with
the metal atoms homogeneously mixed throughout the
polymer gel. This results in the homogeneous distribu-
tion of the metal 1ons 1in the final sintered PLZT thin

film, which is extremely desirable. It is important that

these solubilizing steps and gelling steps be done in a
dry atmosphere or an inert atmosphere to control and
predict the hydrolysis reaction such that the precipita-
tion of solid oxides 1s prevented. Also, the resulting
sol-gels should be stored and applied under a dry or
inert atmosphere to prevent further hydrolysis.

The resulting sol-gel i1s then applied to a suitable
substrate such as a silicon wafer. This s done by known
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techniques in the semiconductor industry. For example,
a stlicon wafer is centered on a vacuum chuck and
cleaned by flooding with isopropanol or distillate from
the sol-gel synthesis and spun dry at high speed. A small
amount of the PLZT sol-gel previously produced. For
example. a volume of about 10 microliters per centime-
ter squared 1s placed on the center of the substrate. The
spinner 1s accelerated to an RPM chosen to give an even
coat of the desired thickness. This i1s a function primar-
ily of viscosity and specific gravity of the PLZT sol-gel
and flow characteristics of that sol-gel upon the particu-
lar substrate substance. Thereafter, the coated substrate
1s subjected to baking for the volatilization of solvent
from the sol-gel and subsequent sintering of the ferro-
electric layer to the final PLZT thin film by using either
a RTP or diffusion furnace.

The sintering step involves a ramp up of the tempera-
ture to the desired maximum temperature. The film thus
has the solvents and organics removed by volatilization
or pyrolytic decomposition but PLZT crystal forma-
tion has not vet occurred. As FIG. 3 illustrates, this
method mnvolves applving a thin dried gel film 3 to the
~ substrate, thereafter baking 4 the dried film 3. remove
or decompose the solvents and organics thus producing
a green inorganic non-crystalline film. This 1s repeated
to achieve the desired thickenss. Subsequently. the
green film 5 of desired thickness 1s sintered using a rapid
thermal process 6 to form the desired crystalline perov-
skite PLZT structure 7. A tvpical RTP cycle 1s a 100°
C./second ramp to 725°-775° C., 60 seconds (one min-
ute)at 725°-775° C.. and a 90-120 second ramp down to
< 300° C.. all 1n an oxygen ambient atmosphere. The
preferred perovskite crystalline structure for the PLZT
film 1s produced. As explained above. the solvents
should be chosen so that they boil off below about 350°
C. and so that the sintering/annealing step is done in an
oxygen enriched atmosphere to insure volatilization and
combustion of all the organo solvents and to minimize
the time 1n which the PLZT gel is initially exposed to
the temperature range wherein the nonferroelectric
crystalline form 1s made. After sufficient dwell time at
the maximum temperature to completely form the sin-
tered PLZT thin film ceramic, the finished product 1s
then ramped down I1n temperature and removed from
the furnace. The ramp rates leaving the furnace are not
extremely critical because the perovskite crystalline
form does not change to the nonferroelectric form
while passing through the temperature range of from
about 350° C. to about 450° C. The major consideration
1s thermal shock to the substrate and sintered PLZT
thin film. The sintered PLZT film and the substrate
structure which recetves the film should be selected to
minimize differences in thermal contraction rates to
prevent cracking.

It was found that a PLZT solution of 2 centipoises,
when applied to the silicon substrate, produced an or-
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ganometallic film on the substrate about 1500 Ang-
stroms thick. After the volatilization, sintering and an-
nealing processing. the resulting PLZT ceramic layer
was approximately 500 Angstroms thick. Thicker lavers
of PLZT ceramic can be applied by mulitiple applica-
tions of PLZT gel over PLZT ceramic layers previ-
ously applied. To some extent the thickness of the
PLZT can also be increased by increasing the viscosity
of the PLZT gel. Generally, it 1s not desirable to at-
tempt to apply a PLZT gel beyond 1000 Angstroms in
sintered thickness, because the thicker the gel 1s apphed
the more likely it is to crack. Thicker layers are instead
produced with multiple coats.

The resulting PLZT layer on the substrate can then
be patterned to form the desired circuit element config-
urations upon the wafer as described 1n commonly as-
signed U.S. Pat. No. 4,759,823.

Other methods known in the semiconductor industry
can be used for applying the film to the substrate such as
spray or dip coating.

EXAMPLES

In the following examples the mole ratios have been
normahized to Pb+La=1 (or 1009%).

EXAMPLE |
PLZT, 8/40/60 Plus 109 Excess Lead

The beginning point is calculation of the stoichiome-
try of the desired composition expressed as the L/Z/T
ratio. The formula weight for each precursor and a
number that determines batch size are factored in. The
product of the L/Z/T ratio number and the batch size
factor equals moles of element or precursor. Two addi-
tional factors are used in calculating the amount of Pb
precursor: first, the percentage of excess Pb; and sec-
ond, a correction of the quantity of solvent in the Pb
precursor. An example of our calculations follows
(using an 8/40/60 PLZT with 109 excess Pb). The Pb,
La. Zr and Ti precursors are commercially available
from Morton Thiokol, Inc., Alfa Products, 152 Ando-
ver Street, Danvers, Mass. 01923.

Alfa Catalog.

# 57113 Lead (1V) acetate (109 acetic acid); 9%
Formula Weight (F.W.) 443.37

# 89859 Lanthanum 2.4-pentanedionate: P.W. 436.24

# B8718 Zirconium n-butoxide butanol complex; F.W.
457.8]

# 77115 Titanium (I'V) isopropoxide; F.W'. 284.25

# 302506 Acetic acid. Glacial

# 11632 1-butanol

# 19397 Isopropanol

The calculation for PLZT, 8/40/64 plus 10% excess Pb
1s as follows:

Pb Precursor calculation:

Equals 0.0773 moles of Pb
l - I——Equals 0.0850 moles of Pb
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~-continued
(100-8)y =» (8.4E-3) ) Sl.]‘r > {($33.37) > (1.111 1 = 4188 g
‘ . | LSO]\‘EHI
corrTecti1on

Pb stoichiometry (based on L/Z/T ratio}

La precursor calculation:

(8) >~ (RIE-3) > (436.24) = 293p

L—Equals 0.0067 moles of La

ZR precursor calculation:

f"ﬂl ¥ -

(84E-4) > (457.81) 15.38 g

l_Equalh 0.0036 moles of Zr

T1 precursor calculation:

(60) - (R3E-4) > (28325 = 1433g

L—Equalh 0.0 moles of Ti

xote thatl:

| ‘ l—Formula weight
Excess Pb
Batch si1ze

(00773 mot Pb -~ 0.006 mol La) = (00336 mol Zr - 0.0504 mol Ti) Acetic auvid

{solvent for Pb precursor) = 10 mi/gram of Pb precursor®
($1.88) » (10) = 4]18.8 m}

]-Butanol (solvent for Zr precursor) = 4000 ml/mol of Zr*
(2000) » (40) - (8. 3E-3) = 1344 ml

Isopropanol (solvent for Ti precursor) = 4000 ml/mol of Th*
(4000) » (60} » (8.3E-3) = 201.6 m]

Deionized water = 4 moles/mole of Zr - T

() » (30 -~ 60) -
volumetnically with density equal to 1.0)
*Determuned empinicaliy,

which 1s repeated for convemence:

Actual

Mole Ratio Amount

Lead (IV) acetate 0.92 41.88 g
(1.12)*

Lanthanum 2.4 pentanedionate 0.08 293¢
Zirconium n-butoxide butanol complex 0.40 1538 ¢
Tnanium 1sopropoaide 0.60 14.33 ¢
Acetic acid. glacial 77.00 418.8 mi
n-butanol 17.5 1344 m
lsopropanol 31.1 201.6 m]
Deionized water 4.0 6.05 ml]

It has been found that the sum of the calculated guan-
tities without regard for the units involved (grams or
millihiters) 1s a good approximation (within one percent
or so) of the volume obtained when these matenals are
in solutron.

419+ 41884294154+ 143413444201.646.1-
=8354

835.4 ml 1s therefore the volume of a 50:50 mixture of
I-butanol and isopropanol required to double the solu-
tion volume, thus quenching the reaction prior to boil-
ing back to final volume.

*] ead 1s adjusted to account for excess lead and the
amount of acetic acid in commercially packaged lead
(IV) acetate (10%). The zirconium n-butoxide butanol
complex was dissolved in the n-butanol and combined
with the titanium solution (titanium isopropoxide dis-
solved in 1sopropanol). The lanthanum 2,4-pentanedion-
ate was dissolved in the solution of titanium and zirco-

(& 4E-4)) > (18) = 6.05 g (water 1s actually measured
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nium. In a separate vessel the lead (IV) acetate was
dissolved in the glacial acetic acid under an inert atmo-
sphere while agitating and heating it in a temperature in
the range of from about 70° to about 90° C. The solution
contaimning the zirconium, lanthanum and titanium was
added to the lead solution while maintaining heat and
agitation. The deionized water was then added. The
amounts above produced a solution with a volume of
835 ml.

This volume was then doubled by the addition of 835
m! of a mixture in a ratio of 1:1 by volume of n-butanol
and 1sopropanol, resulting in a total volume of 1670 ml.
‘This was then boiled back to a volume of 334 ml or
approximately 209% of the starting solution. An alter-
nate method 1s to base the amount of boil-off to base
final volume on a fixed concentration of moles of
P+ L +Z+T/unit volume; specifically 5E-4 moles/ml.
In this calculation excess Pb is disregarded. In this ex-
ample there are:

((100—-8)+ 8+ 40+ 60) X (B.4E —4)=0.168 moles of
P+L+Z4+T

Therefore, 0.168 moles/(5E-4 moles/ml)=336 ml. The
targeted final sol-gel volume is 336 ml. Viscosity of the
finished sol-gel 1s measured at room temperature with a
falling ball viscometer (Gilmont #1 with stainless steel
ball); density 1s determined by weighing an accurately
measured volume of sol-gel (25 ml using a volumetric
pipet) on an analytical balance. A sol-gel with a viscos-
ity of about 1.4 cp resulted. The prepared sol-gel was
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spun onto a stlicon substrate of 100 ml in diameter at
approximately 2000 rpm to produce a sol-gel PLZT
laver of about 1500 Angstroms in thickness. This was
then heated in a furnace from 549° C. to 551° C. at a
ramp of 100° C. per minute to a temperature of $50° C.
where it was held for about 15 minutes to form the
perovskite PLZT. Subsequently, the PLZT substrate
was returned to room temperature by rampmg it down
at a rate of 100" C. per minute.

EXAMPLE 2
PLT, 15/0/100 plus 109 excess lead

PLT. 15707100 plus 107 excess lead

Pb precursor calculation:
(100-15) x (5.0E-4) > (1.1) » (443.37) = (1.111) = 23.03 ¢
La precursor calculaton:

(15) » (S.0E-4) » (436.24) = 127 ¢

Zr precursor calculation:

NONE

T3 precursor calculation:

{100) .- (S.0E4) > (284.25) — 1421 ¢

Acetic acid:
(23.0%) > (10) =
I-Butanol:
NONE
Ixopropanol:
(3000) » (100) » (5.0E-4) = 200.0 ml
Deiomzed water:

(4) » {100) - (S.O0E-4) ~ (18) =

230.3 mi

6 g (orml

which s repeated for convenience:

Mole Actual

Ratio Amount
Lead (1V') acetate 0.85 2303 g

(1.019)
Lanthanum 1.4 pentanedionate 0.15 3207
Zirconium 0.0 0.0
Titanium 1sopropoxide 1.0 1421 g
Acetic acid 77.8 230.3 m!
n-butanol 0.0 0.0
Isopropanol 51.9 200.0 m}
Deilonized water 4.0 3.6 ml

Volume doubling calculation:
23.0+3.3+14.24-230.3+200.0+3.6=4744 ml Vol-

ume i1s doubled with 474.4 m! or 50:50 mixture of 1-

butanol and 1sopropanol.

Final volume calculation:

30 (((100—15)+1540+100)xX(5.0E—4)) moles/-
(5E—4 moles/ml 200 ml Titanium lSOpl’OpOdee was
dissolved in 1sopropanol.

- The lanthanum 2,4-pentanedionate was dissolved 1n
the solution of titanium. In a separate vessel the lead
(IV) acetate was dissolved in the glacial acetic acid
under an inert atmosphere while agitating and heating it
to a temperature in the range of from about 70° C. to
about 90° C. The solution containing the lanthanum and
titanium was added to the lead solution while maintain-
ing heat and agitation. The deionized water was then
added. The amounts above produced a solution with a
volume of 474 ml.

This volume was then doubled by the addition of 474
m! of a mixture of n-butanol and i1sopropanol in a ratio
of 1:1 by volume, resulting in a total volume of 948 ml.
It was then boiled back to a volume of 190 ml resulting
in a sol-gel with a viscosity of about 1.9 cp. The pre-
pared sol-gel was spun onto a silicon substrate of 50 mm
diameter at approximately 2000 rpm to produce a sol-
gel PLZT layer of about 1500 Angstroms in thickness.
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It was then baked on a hot plate for about 2 minutes at
about 400°C. It was repeated for a total of eight coats. It
was then annealed or sintered in a furnace from 648° C.
to 651° C. at a ramp of 100° C. per minute to a tempera-
ture of 650° C. where it was held for about 30 minutes

to form the perovskite PLLZT. Subsequently, the PLZT
substrate was returned to room temperature by rampmg

it at a rate of 100" C. per minute.

EXAMPLE 3

PZT. 0/50/50 plus 107 excess Pb.

Pb precursor calculation:

(100-0) > {4.326E-4) x (1.1) X (443.37) X (1.11]1) = 23.44 ¢
I.a precursor calculation:

NONE

Zr precursor calculation:

(50) » (4.326E-4) x 457.8]1) = 990 ¢

T1 precursor calculation:

(50) > (4.326E-4) > (284.25) = 6.15 g

Acelic acid:

(23.44) > (10) = 2344 m]

l-Butanol:

(4000) > (50) » (4.326E-4) = B6.5 ml
Isopropanol:

(4000) » (50) » (4. '%'16E-4) = 86.5 mi

Deionized water:

(4) > (50 + 50) x (4326E-4) x (18) = 3.11 g (or ml)
Volume doubling calculation:

214 - 99 - 6.2 -~ 2344 - 865 + 865 + 3.1 = 450 m]
Volume 1s dnubled with 450 ml or 50:50 mixture of
1-butanol and 1sopropyl.

Final volume calculation:

(({100-0) + O -~ 50 = 50) > (4.326E-4) moles/

(5E-4 moles/ml 173 ml

We claim:

1. A method of preparing a mixture suitable for spin

deposition on substrates, comprising:

(a) solubilizing amounts of two or more precursors of
lead, titanium, zirconium and lanthanum in prede- -
termined solvents, said solvents being different for
each precursor at proportions such that upon hy-
drolysis the metal precursors will exhibit approxi-
mately equal reaction rates,

(b) mixing under an 1nert atmosphere at a pressure
from about 350 mmHg to about 650 mmHg the
metal precursors and solvents at a temperature
sufficient to maintain the metal precursors in solu-
tion and for a period of time sufficient to produce a
homogeneous mixture;

(c) adding a predetermined amount of water to result-
ing solution sufficient to begin a hydrolysis reac-
tion without causing precipitation of solids while
maintaining the mixture under an insert atmo-
sphere; and

(d) boiling the mixture at a temperature sufficient to
vaporize said solvents and azeotrope water to In-
crease a viscosity suitable for spin coating.

2. The method of claim 1 comprising the additional

step of diluting the mixture resulting from step (c) with

-additional amounts of solvents in order to quench the

hydrolysis reaction followed by step (d).

3. The method of claim 1 wherein said precursors are
selected from the group comprising alkoxides of lantha-
num, alkioxides of lead, alkoxides of titanium, alkoxides
of zirconium, esters of lead, esters of tltamum, angd esters
of zirconium.

4. The method of claim 2 wherein said metal precur-
sors are selected from the group comprising alkoxides
of lanthanum, alkoxides of lead, alkoxides of titanmium,
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alkoxides of zirconium, esters of lead. esters of titanium,
and esters of zirconium.

5. The method of claim 1 wherein said precursors are
selected from the group comprising lanthanum 2,4-pen-
tanedionate, zirconium n-butoxide, titanium (IV) i1so-
propoxide. and lead tetraacetate.

6. The method of claim 2 wherein said precursors are
selected from the group comprising lanthanum 2.4-pen-
tanedionate, zirconium n-butoxide. titamium (IV) 1so-
propoxide, and lead tetraacetate.

7. The method of claim 1 further comprising the steps
of spinning the resulting solution onto a substrate to
form a thin film, and then heating the coated substrate at
a temperature in the range of from about 475" C. to
about 700° C. for a period sufficient to sinter the applied
thin film.

8. The method of claim 2 further comprising the steps
of spinning the resulting solution onto a substrate to
form a thin film, and then heating the coated substrate at
a temperature in the range of from about 475° C. to

about 700" C. for a period sufficient to sinter the applied
thin film.

9. The method of claim 3 further comprising the steps
of spinning the resulting solution onto a substrate to
form a thin film, and then heating the coated substrate at
a temperature in the range of from about 500° C. to
about 650° C. for a period sufficient to sinter the applied
thin film.

10. The method of claim 4 further comprising the
steps of spinning the resulting solution onto a substrate
to form a thin film, and then heating the coated sub-
strate at a temperature in the range of from about 500°
C. to about 650" C. for a period sufficient to sinter the
applied thin film. |

11. The method of claim § further comprising the
steps of spinning the resulting solution onto a substrate
to form a thin film, and then heating the coated sub-
strate at a temperature in the range of from about 500°
C. to about 650" C. for a period of sufficient to sinter the
apphied thin film.

12. A method of preparing a PLZT mixture suitable
for spin deposition on substrates, comprising:

(a) solubilizing a lead precursor in a first solvent;

(b) solubihzing a titanium precursor in a second sol-

vent;

(c) solubilizing a zirconium precursor in a third sol-
vent;

(d) mixing under an inert atmosphere at a pressure of

from about 350 mmHg to about 650 mmHg the
dissolved lead, titanium and zirconium precursor in
the first, second and third solvents together at a
temperature sufficient to maintain the metals in
solution and for a period of time sufficient to pro-
duce a2 homogeneous mixture;

(e) adjusting the proportions of said first, second, and
third solvents such that the reaction rates of the
zirconium, titanium and lead upon hydrolysis of
the resulting mixture will be approximately equal
while maintaining the mixture under an inert atmo-
sphere;

(f) adding a lanthanum precursor to the mixture;

(2) adding a predetermined amount of water to the
resuiting solution sufficient to begin a hydrolysis
reaction without causing precipitation of solids
while maintaining the mixture under an insert at-
mosphere; and

(h) boiling the mixture at a temperature sufficient to
vaporize the said azeotrope water and solvents
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until the mixture reaches a viscosity suitable for
spin coating.

13. The method of claim 12 comprising the addition
of diluting the mixture from step (g) with additional
amounts of one or more of said solvents 1n an amount
sufficient to quench the hydrolysis reaction followed by
step (h).

14. The method of claim 12 wherein said precursors
of said lead, titanium and zirconium are selected from
the group comprising alkoxides, and esters of said lead, |
titanium and zirconium, and said lanthanum precursor 1s
selected from the group comprising alkoxides, and es-
ters of lanthanum.

15. The method of claim 13 wherein said precursors
of said lead. titanium and zirconium are selected from
the group comprising alkoxides, and esters of said lead,
titanium and zirconium, and said lanthanum precursor 1s
selected from the group comprising alkoxides, and es-
ters of lanthanum.

16. The method of claim 12 further comprising the
steps of spinning the resulting PLLZT solution onto a
substrate to form a thin film, and then heating the
coated substrate at a temperature in the range of from
about 475° C. to about 700° C. for a period sufficient to
sinter the PLZT film.

17. The method of claim 13 further comprising the
steps of spinning the resulting PLZT solution onto a
substrate to form a thin film, and then heating the
coated substrate at a temperature in the range of from
about 475° C. to about 700° C. for a period sufficient to
sinter the PLZT film.

18. A method for preparing a PLZT mixture suitable
for spin deposition on substrates, comprising:

(a) solubilizing a lead precursor in a first solvent;

(b) solubilizing a titanium precursor 1n a second sol-

vent compatible with said first solvent;

(c) solubilizing a zirconium precursor in a third sol-
vent compatible with said first and second solvents;

(d) mixing under an inert atmosphere at a pressure of
from about 350 mmHg to about 650 mmHg the
dissolved lead, titanium and zirconium precursor in
the first, second and third solvents together at a
temperature sufficient to maintain the metals 1n
solution and for a period of time sufficient to pro-
duce a homogeneous mixture;

(e) adjusting the proportions of said first, second, and
third solvents such that the reaction rates of the
zirconium, titanium and lead upon hydrolysis of
the resulting mixture will be approximately equal
while maintaining the mixture under an inert atmo-
sphere;

(f) adding lanthanum to the mixture;

(g) adding water to the resulting solution sufficient to
begin a hydrolysis reaction of the precursors with-
out causing precipitation of solids while maintain-
ing the mixture under an insert atmosphere; and

(h) boiling the mixture at a temperature sufficient to
vaporize the water and said solvents, reducing the
solvent and water content of the mixture to in-
crease the viscosity suitable for spin coating.

19. The method of claim 18 comprising the additional

step of diluting the mixture resulting from step (g) with
additional amounts of one or more of said solvents in an

amount sufficient to quench the hydrolysis reaction
thereafter followed by step (h).

20. The method of claim 18 wherein the precursors of
said lead, titanium and zirconium are selected from the
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group comprising oxides, acetates and esters of said
lead. titanium and zirconium.

21. The method of claim 19 wherein the precursors of
said lead. titanium and zirconium are selected from the
group comprising oxides, acetates and esters of said
lead. titanium and zirconium.

22. The method of claim 18 further comprising the
steps of spinning the resulting PLZT solution onto a
substrate to form a thin film, and then heating the
coated substrate at a temperature in the range of from
about 475° C. to about 700° C. for a period sufficient to
sinter the PLZT film.

23. The method of claim 19 further comprising the
steps of spinning the resulting PLZT solution onto a
substrate to form a thin film, and then heating the
coated substrate at a temperature in the range of from
about 475° C. to about 700° C. for a period sufficient to
sinter the PLZT film.

24. The method of claim 18 wherein said lead precur-
sor is lead tetraacetate, said zirconium precursor Is zir-
conium n-butoxide, and said titanium precursor 1s tita-
nium isopropoxide.

25. The method of claim 19 wherein said lead precur-
sor is lead tetraacetate, said zirconium precursor 1s zir-
conium n-butoxide, and said titanium precursor is tita-
nium isopropoxide. |

26. A method of preparing a mixture suitable for spin
"deposition on substrates, comprising:

(a) solubilizing amounts of one or more precursors of
lead, titanium, and zirconium In predetermined
solvents. said solvents being different for each pre-
cursor, at proportions such that upon hydrolyvsis
the metal precursors will exhibit approximately
equal reaction rates;

(b) mixing the metal precursors and solvents together
with lanthanum;

(¢) maintaining the mixture under an i1nert atmo-
sphere at a pressure of from about 350 mmHg to
650 mmHg. at a temperature sufficient 10 maintain
the metal precursors and lanthanum in solution,
and for a period of time sufficient to produce a
homogeneous mixture;

(d) adding a predetermined amount of water to the
resulting solution sufficient to begin a hydrolysis
reaction without causing precipitation of sohds
while maintaining the mixture under an inert atmo-
sphere; and

(e) boiling the mixture at a temperature sufficient to
vaporize said solvents and water to increase the
viscosity suitable for spin coating.

27. The method of claim 26 comprising the additional
step of diluting the mixture resulting from step (d) with
additional amounts of solvents in order to quench the
hydrolysis reaction followed by step (¢).

28. The method of claim 26 wherein said precursors
are selected from the group compnsing alkoxides of
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lead, alkoxides of titanium. alkoxides of zirconium, es-
ters of lead, esters of titanium, and esters of zirconium.

29. The method of claim 27 wherein said metal pre-
cursors are selected from the group comprising alkox-
ides of lead, alkoxides of titanium, alkoxides of zirco-
nium, esters of lead. esters of titanium, and esters of
zirconium. |

30. The method of claim 26 wherein said precursors
are selected from the group comprising zirconium n-
butoxide, titanium (IV) isopropoxide, and lead tetraace-
tate.

31. The method of claim 27 wherein said precursors
are selected from the group comprising zirconium n-
butoxide, titanium (1V) isopropoxide, and lead tetraace-
tate.

32. The method of claim 26 further comprising the
steps of spinning the resulting solution onto a substrate
to form a thin film, and then heating the coated sub-
strate at a temperature in the range of from about 475°
C. to about 700° C. for a period sufficient to sinter the
applied thin film. |

33. The method of claim 27 further comprising th
steps of spinning the resulting solution onto a substrate
to form a thin film, and then heating the coated sub-
strate at a temperature in the range of from about 475°
C. to about 700° C. for a period sufficient to sinter the
applied thin

34. The method of claim 28 further comprising the
steps of spinning the resulting solution onto a substrate
to form a thin film, and then heating the coated sub-
strate at a temperature in the range of from about 500°
C. to about 650° C. for a period sufficient to sinter the
applied thin film.

35. The method of claim 29 further comprising the
steps of spinning the resulting solution onto a substrate
to form a thin film, and then heating the coated sub-
strate at a temperature in the range of from about 500°
C. to about 650° C. for a period sufficient to sinter the
applied thin film. |

36. The method of claim 30 further comprising the
steps of spinning the resulting solution onto a substrate
to form a thin film, and then heating the coated sub-
strate at a temperature in the range of from about 500°
C. to about 650° C. for a period sufficient to sinter the
applied thin film.

37. The method of claim 1 further comprising the
steps of spinning the resulting solution onto a substrate
and then heating the coated substrate at a ramp rate of
100° C. per second to a temperature in the range of
725°-775° C., maintaining the temperature in the range
of 725°-775° C. for at least about 60 seconds, followed

by a ramp down to less than 300° C. in about 90-120
seconds.

38. The method of claim 37 wherein the heating 1s

performed under an oxygen atmosphere.
* x * ¥ &



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION
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INVENTOR(S) : Miller et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
carrected as shown below:

Column 1, line 55, delete "Pb,,,,La," and insert therefore

- -Pb1_3ﬂ2Lax'— I
Column 1, line 57, delete "an" and insert therefore

--and--.

Column 7, line 67, delete "“for example)" and insert therefore
——(for example)--.

Column 8, line 6, delete "pb" and insert therefore
--Pb--.
Column 8, line 55, delete "crystalline" and insert

therefore --crystallize--.
Column 10, line 11, delete "experiment" and insert

therefore —--experimental--.

Column 19, line 1, delete "ml" and insert therefore
| ——mm--—.

Column 20, line 33, after the so0lid line insert as a new
paragraph --Other ferroelectric compositions based on PLZT
sol-gel synthesis can be made using other metal precursors

such as tin, tantalum, iron and niobium for the "A" or "B"
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site cations (depending on ionic radius and oxidation state).
For example, a film was made utilizing a product having the
characteristics Pb,(2Y;usSNysTipe.Ta0p) 03 using standard
precursors for lead, zirconium and titanium and tin (IV)

acetate for Sn and tantalum (V) ethoxide for TA. Other
precursors which have been used 1lnclude acetate or alkoxide

precursors of Fe, iron, and Nb (niobium). Various
compositions of PLZT sol-gels have been prepared producing a
clear stable sol-gel solution from about 350 mmHg to about

650 mmHg. Preferably, this is also done in an 1lnert

| .
atmosphere such as nitrogen.--.

Column 20, line 63, delete "alkioxides" and 1insert

therefore --alkoxides~-.
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